This research aims to clarify the role of magnesium oxide as a catalyst in the catalytic ozonation process. Nano-sized magnesium oxide was prepared by the sol-gel method and characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The catalytic performance of magnesium oxide was tested for the removal of phenol. The effect of initial pH, MgO nanocrystal amount, radical scavenger (t-butanol) and R ct was investigated to understand the catalytic ozonation mechanism of magnesium oxide with ozone. Experimental results illustrated that nano-sized magnesium oxide presented significant performance for the ozonation and catalyzed the removal of phenol from aqueous solution by ozonation with a radical pathway involving hydroxyl radicals, which was due to the activity of surface basic groups from magnesium oxide where the conversion of ozone to hydroxyl radicals occurred. Fourier transform infrared spectroscopy (FT-IR) and isoelectric point (IEP) analysis was applied to analyze the surface properties of the prepared nano-magnesium oxide. Activation energy (E a ) was calculated based on the Arrhenius principle equation. It reveals that phenol could enhance the density of surface hydroxyl groups and the introduction of magnesium oxide into the ozonation system does not alter the activation energy. Therefore, the prepared powder was found to be an efficient and promising catalyst for ozonation.
Introduction
Ozonation is one of the best known AOPs (advanced oxidant processes) which has gained signicant attention in recent years. The main characteristic of this process is the production of reactive radicals at ambient temperature and pressure, especially hydroxyl radicals which are the predominant species for the degradation of inhibitory and toxic contaminants in wastewater.
1 Considering that the reaction between refractory organics and ozone is slow and selective, catalysts have been introduced to the ozonation system to accelerate both the degradation of organic pollutants and the mineralization of organics, followed by decreased reaction time, thereby reducing the treatment cost. 2, 3 This advanced technology has been successfully applied for the removal of organic compounds over the last few years.
Catalytic ozonation processes could be divided into homogeneous catalytic ozonation and heterogeneous catalytic ozonation on the basis of which facilitate the decomposition of ozone and the formation of hydroxyl radicals, transition ions or solid catalysts. 2 Compared to single ozonation, heterogeneous catalytic ozonation could increase oxidation rate and decrease utilization efficiency of ozone, and compared with homogeneous catalytic ozonation, heterogeneous catalytic ozonation is characteristic of reclamation, lack of secondary pollution has been considered as a promising AOP for wastewater treatment.
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The key issue for catalytic ozonation processes is to nd an efficient catalyst. 6 Many metal oxides such as MnO 2 , TiO 2 , CeO 2 , Al 2 O 3 , FeOOH, ZnO, also supported metal oxides Fe 2 O 3 /Al 2 -O 3 @SBA-15, CeO 2 /TiO 2 , Mn/g-Al 2 O 3 have been used as catalysts in ozonation process and the catalytic activities were measured for remove target compounds, such as oxalic acid, nitrobenzene, p-chlorobenzoic, fulvic acid.
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Magnesium oxide is an important functional metallic oxide with the nature of nontoxic, economical, and environmentfriendly has been considered as a feasible choice for catalytic ozonation process. Even magnesite show prominent activity for the removal of phenol from saline wastewater. 16 Several works have been published so far on magnesium oxide used as catalyst in ozonation process. It has been veried that magnesium oxide could efficiently catalyze ozone to degrade coumarin, dye, and formaldehyde in aqueous solution. [17] [18] [19] The removal efficiencies of both pollutants and COD were signicantly enhanced by using of magnesium oxide in the ozonation process. efficiency in wastewater treatment, owing to its high surface area and exposed surface active sites. 22 Also the stability of nano-magnesium oxide has been measured and the result show easily recyclable with no signicant change in activity. 23 The nano-sized magnesium oxide could be regarded as a very potential and deserving candidate for use in the catalytic ozonation context due to these properties presented above. 16 The understanding of the mechanisms of catalytic ozonation in the presence of magnesium oxide is vital. The way oxidizing organic molecules by direct oxidation and/or by indirect radical oxidation has been studied by several groups to explore which is responsible for the degradation of organic compounds, however the results were contradictory with magnesium oxide. 24 Ozonation in the presence of magnesium oxide provide fast degradation of refractory organics has been inconclusive as to whether the catalyst act as adsorbent for organic compounds or play a direct part in the decomposition process, or whether reduce the activation energy. It should be noting here that no report could be found on the possible change on activation energy.
As stated above, three aspects are mainly focused on as follows: (I) preparation of nano-sized magnesium oxide by a modied so non aqueous sol-gel process and further evaluation of its activity by catalytic ozonation phenol simulation wastewater compared with other high activity metal oxides as well as ozonation alone. (II) Investigation of catalytic mechanism by qualitatively and quantitative analysis about surface hydroxyl of prepared magnesium oxide and identify of hydroxyl radicals in bulk solution including surface property, effect of initial pH, catalyst amount, tert-butanol and calculation of R ct , as well as the stability of catalyst. (III) Development of Arrhenius type to describe activation energy with or without magnesium oxide is still required.
Experimental

Material and catalyst
The magnesium oxide used in this work were prepared by a nonaqueous sol-gel process which referred to others and made some improvements. 25 In a typical procedure, 10 g (0.1783 mol) KOH was placed in 100 mL methylbenzene under vigorous stirring, aer continuous stirring for 12 h, 15 g (0.07378 mol) MgCl 2 $6H 2 O was added to the solution and stirring for 5 h with reux condensation, then ultrasound for 20 min. Finally, the precipitate was collected by centrifugation and was washed with deionized water and anhydrous ethanol several times in order to remove the surface impurities until constant pH and dry at 105 C overnight. The precursor were calcined in an muffle furnace at 500 C for 3 h (with an constant rate of 2 C min À1 )
and naturally cooled to room temperature to given the nal product.
Experimental procedure
All ozonation experiments were performed in a plexiglass cylindrical reactor with 1.3 L capacity (inner diameter: 250 mm, high: 900 mm) and washed severed times with deionised water before reaction to remove interfering elements. Ozone was generated from pure oxygen by a CF-G-3-20g generator and residual gas exhausted from the reactor was decomposed in a 2% KI before releasing to the environment. The sole and catalytic ozonation were conducted in a continuous aeration mode (Fig. 1 ). Solution and catalysts were introduced into the reactor. Turning on and regulating the ozone generator until reached a steady state, then ozone were bubbled into the stimulated wastewater through microporous aerator with continuous magnetic stirring. In addition, Orge et al. conrmed the stirring rate do not affect the reaction rate, internal mass transfer resistances were considered negligible also in the condition that avoid any external mass transfer resistance. 23 Aer reaction, samples were taken from the reactor at a given time and 0.025 mol L À1 Na 2 SO 3 solution was used to quench ozone in the liquid phase remaining in the sample. Then samples were analyzed immediately aer ltration through a membrane lter attached to a syringe to remove suspended particles from the solution.
The research of surface properties carried out in erlenmeyer ask with 1 L pure water and 1 L phenol solution (100 mg L À1 ), respectively. Then ozone was introduced to the bottom of solution through microporous aerator under so magnetic stirring. Samples were collected at 2 min intervals and catalysts were separated through lter paper. Finally, the separated magnesium oxide were dried at 30 C several days. All the experiments at ambient temperature and pressure.
Characterization of catalysts and analytical procedures
The X-ray diffraction (XRD) pattern of the magnesium oxide was recorded on diffractometer (PANalytical B.V, Netherlandish) using CuKa radiation (l ¼ 0.15418 nm, 40 kV). The diffraction patterns were obtained by increasing 2q from 10 to 80 . The morphology of the prepared powder was observed by scanning electron microscope (SEM, Quanta 450). The BET specic surface area (S BET ) was determined by nitrogen adsorption at 77 K (ST-MP-9). The concentration of phenol was determined by visible spectrophotometer, absorbance was measured at 510 nm in a 1.0 cm cell aer the ltration of samples. The surface hydroxyl density of magnesium oxide was determined by infrared spectrometer (Beifen-Ruili Analytical Instrument Company, Beijing). Zeta potential was performed with a Zata PSLS 190 Plus potential analyzer (Brookhaven, American). Total organic carbon (TOC) of reaction mixture was detected with a TOC-VCPH analyzer (Shimadzu, Japan). The concentration of ozone in the solution was obtained through indigo method. The pH of the solution was measured by a PHS-3E pH meter (YokeChina instrument factory, Shanghai). Fig. 2(a) 
Results and discussion
Characterization of catalysts
where D is the median diameter of crystal particle, K is the a dimensionless constant and range from 0.89 to 1.39 (we used the value of 0.9); l is the wavelength of X-ray diffraction light (0.15418 nm); b is the FWHM (full-width at half maximum) of the diffraction strongest peak; q is the location of the diffraction strongest peak. 26 According to Scherrer equation, the mean diameter average size of magnesium oxide was found to be 11.1 nm (using (200) plane).
The SEM image depicted in Fig. 2 (b) and (c) was used to visualize the surface morphology of the prepared powder, and the image shows agglomerated and spherical nanocrystals, and diameter is 50-100 nm. Therefore, the prepared powder is mainly composed of MgO nanospheres.
Preliminary screening of catalysts
The catalytic activity of Mn 3 O 4 , Fe 2 O 3 , ZnO, MgO were measured
3.6 mg min À1 ) compared with O 3 alone in natural pH. Phenol was selected for this study because it is one of the most general compounds produced in the chemical, petrochemical, pharmaceutical industries. Adsorption is an important factor inuencing the removal rate of organic compounds in aqueous. It is widely accepted the mechanisms of heterogeneous catalytic ozonation that the chemisorption of organic molecules and/or ozone on the surface of the catalyst has to take place. 28 Chemisorption of ozone on the surface of catalyst leading to the formation of hydroxyl radicals followed radical mechanism and chemisorption of organic molecule as well as both organic molecule and ozone on the catalyst surface and subsequent organic matter, which were attacked by ozone molecules.
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Also, some researchers have found that magnesium oxide were good adsorbent which could remove some pollutants from aqueous solutions. According to Fakhri, 20 magnesium oxide nanoparticles show the adsorption capacity for linezolid antibiotic removal, as well as ZnO-MgO nanocomposites. Hu et al. demonstrated that magnesium oxide has strong adsorption of hydrophobic alkaline organic compounds. 30 Wang Q. et al. reported that the adsorption of dissolved organic carbon would reduce the specic surface area and active site, 31 leading to the decrease of removal efficiency in O 3 /FeOOH, O 3 /MgO systems. In order to verify whether magnesium oxide act as adsorbent for phenol, further experiment without ozonation was performed in the same condition and the same reactor. As shown in Fig. 3 , the absorption ability of magnesium oxide was very limited (less than 5%) may due to the competitive adsorption of water molecules which indicates that adsorption ability of magnesium oxide in this catalytic process to phenol was negligible. Therefore, the results might suggest that the degradation of phenol in solution may not be due to the absorption of magnesium oxide.
Catalytic activity of MgO
The ozonation with or without catalyst were conducted at pH of 6.8 under the same condition, and results are displayed in Fig. 4 . Fig. 4(a) shows the removal percentage of phenol as a function of the catalytic activity, magnesium oxide has a pronounced effect on phenol degradation compared with ozone alone. For catalytic ozonation with magnesium oxides at 10 min, the degradation efficiency of phenol was 70.1%, which almost twice when compared with the sole ozonation (35.9%). In this case the assumption that hydroxyl radicals were produced and participated in the ozonation reaction when magnesium oxide was added should be in all probability. Staying with the result in last section that the effect of adsorption for phenol in the catalytic ozonation process could be neglected, thus the degradation of organic compounds might due to the oxidation by ozone and/or hydroxyl radicals. As shown in Fig. 4(b) , the TOC removal in ozonation alone process are 2.7%, 3.8%, 5.6%, 7.7%, 9.3% at 2, 4, 6, 8, 10 min and in the presence of magnesium oxide increased by 2.2%, 3.6%, 6%, 5.9%, 13.2%, respectively, suggesting the prepared magnesium oxides clearly enhanced the mineralization efficiency of phenol. It is possible that the by-products of phenol degradation remains in solution, which was supported by the fact that the degree of mineralization was much lower than the phenol removal. The introduction of nano-magnesium oxide in ozonation process should provide fast degradation of phenol as well as mineralization compared with sole ozonation in the same condition, which demonstrates that nano-sized magnesium oxide was an active heterogeneous catalyst and play an important role in ozonation process.
Effect of catalysts amount
The catalytic activity depends on the surface area exposed in the solution and thus may predict that the oxidation of organic compounds strongly associated with the dosage of catalyst. Thus, the inuence of dose of the prepared nanocrystal powder as well as analytical reagent (AR) was investigated. Fig. 5 shows the percentage removal of phenol with time under different catalyst quantity (pH 6.9, ozone dosage: 3.60 mg min
À1
) and the reaction rate constants (k obs ) of phenol removal rate have been determined in the following equation:
The data shown in It has been veried that the degradation of phenol in ozonation system in the presence of nano-magnesium oxide did not involves the adsorption of phenol molecules onto catalyst. Thus, it could be hypothesized that ozone adsorbed on the surface of magnesium oxide would allow the generation of hydroxyl radicals which responsible for the oxidation of phenol. Generally ozone decomposition on the surface of a solid support, on Lewis centres, on non-dissociated hydroxyl groups of metal oxides, on basic centres of activated carbons.
2,36-38
Isolated hydroxyls covered on magnesium oxide is responsible for ozone destruction. It is believed that k obs depends on surface areas, with the increase of catalyst dosage, both the surface area exposed in bulk solution and the MgO-hydroxyl radicals which is the active centers that in favour of catalytic activity increased. 6, 9, 18, 39 According to literature, the decomposition of ozone on the surface of catalysts leading to the formation of hydroxyl radical, 2 and the mechanism of the formation of radicals could be described as follows:
As shown in eqn (3) and (4), magnesium oxide act as an initiator in this process, ozone adsorbed on the surface of magnesium oxide and react with MgO-OH leading to the formation of MgO-OH O c as the rst step; then MgO-OH O c attacked by ozone and hydroxyl radicals which is non-selective to organic compounds were generated. In summary, it is possible to conclude that the increase of catalyst dosage made the surface hydroxyl group increased and integrated with ozone, which led to more non-selective radicals and high the removal rate. The reaction was dominant by catalyst dosage in this stage. Then continued addition of the catalyst, exposure of surface hydroxyl groups in the bulk solution increasingly but utilization of active centers almost constant with the xed ozone concentration result in the removing rate at a same value.
Surface property of nano-magnesium oxide
Surface property of catalysts was the key factor of the catalytic activity.
1 Jun Chen et al. found a positive correlation between the catalytic activity of magnesium oxide and surface hydroxyl concentration. 6 In this section, experiments were conducted to quantitatively identify the hydroxyl radicals on the surface of magnesium oxide. Dried magnesium oxide used in catalytic ozonation in phenol and pure water systems were analyzed by infrared spectrometer and the spectrum shown in Fig. 6 . The appearance peaks located at 1637 and 3453 cm À1 which are assigned to the face bending vibration and the stretching vibration respectively, both of which are the characteristic peaks of surface hydroxyl groups of H 2 O adsorbed on the surface of the catalyst.
1,40,41
The peak observed at 1637 and 3453 cm À1 in two systems (Fig. 6(a) and (b) ) at 0 time evidenced that the presence of hydroxyl groups on the surface of magnesium oxide. The intensity of the peaks located at 1637 and 3453 cm À1 (Fig. 6(a) and (b)) were increased with the increase of reaction time both in phenol and pure water systems, which indicates that the density of surface hydroxyl increased and consequent increase of absorbed (chemisorption) ozone content on the surface of magnesium oxide. Also the introduction of phenol improve the increasing range of peak value in heterogeneous catalytic ozonation system have been observed by comparing Fig. 6 (a) and (b), which indicates that the catalyst in MgO-phenol system have higher surface hydroxyls density and adsorption capacity than the catalyst in MgO-pure water system. In terms of the mechanism about the formation of radicals presented in eqn (3) and (4), ozone adsorbed on surface hydroxyls and decomposed into radicals. It seems likely that part of the hydroxyl radicals produced by ozone decomposition released into solution degrading refractory organic matter and the rest existed on the surface of catalyst in forms of surface oxygenated radical species which enhance the density of surface hydroxyl groups. It is difficult to explain the phenomenon that phenol can affect the amount of ozone on surface of magnesium oxide. Hence, an experiment was designed to study surface acid-basic properties of catalyst.
It is known that the surface property of catalyst could be affected by the pH of solution. Fig. 7 shows the effect of pH on zeta potential of magnesium oxide. This suggests that zeta potential rises over pH 6.3 to 12, and the isoelectric points (IEPs) for magnesium oxide were about 10.5. The pH of the reaction solution in this section was all under 10.5, where the surface would be positively charged in the form of MgO-OH 2 + , while phenol has weak acidity which produced anions with hydrolysis reaction in solution. In phenol solution, more OH À are available and the attraction of OH À by surcial positive charges forms the convection of energy, which causes stronger collision between ozone and catalysts, hence more ozone were adsorbed on the surface basic group of magnesium oxide and decomposition into hydroxyl radicals according to eqn (3) and (4). This in turn indicates the ability of ozone decomposition on magnesium oxide would be strengthen in the process of ozonation.
In general, conclusion could be suggested as follows: (I) the decomposition of ozone on the surface of magnesium oxide occurs in pure water in heterogeneous catalytic ozonation process, demonstrating that magnesium oxide was able to decompose ozone into hydroxyl radicals, which was independent of phenol. (II) The presence of phenol in reaction system may promote the adsorption of ozone on the magnesium surface, and surface reaction would produce hydroxyl radicals which is less selective than ozone. 
Effect of initial pH
The initial pH of solution is a key factor for understanding the mechanisms of catalytic ozonation. As is already mentioned last section, pH of the reaction medium could affect the surface properties of catalyst and further determined the catalytic activity. The surface of magnesium oxide would be positively charged or negatively charged when pH pzc above or below solution pH, respectively, while at pH pzc ¼ pH the surface of magnesium oxide is neutral. Furthermore, pH of bulk solution affects ozone decomposition. The presence of OH À facilitating ozone decomposition into hydroxyl radicals, which could nonselectively oxidize organic compounds in bulk solution.
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However, in acid environment, the degradation of organic matter mainly via a direct pathway such as electrophilic, nucleophilic and dipolar addition.
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Therefore, a series of experiments were conducted to evaluate the catalytic activity at different pHs. And the results presented in Fig. 8 . As seen in Fig. 8 , the phenol removal of both single ozonation and catalytic ozonation increased with the increasing initial solution pH from 1.7 to 11.23. And compared Fig. 8(a) and (b) , the curve in the presence of magnesium oxide were higher than absence of magnesium oxide at the same condition, implying magnesium oxide could accelerate phenol degradation at wide range of pH and exhibited the most pronounced catalytic ability at pH 10.15, which is the nearest to pH pzc (10.5) . This phenomenon in accordance with the literature that neutral charged surface revealed a higher catalytic activity than both protonated and deprotonated surface for protonated surface is a weak nucleophile and deprotonated surface cannot provide the electrophilic H to ozone. 44 However, the phenol removal with prepared magnesium oxide at pH 11.23 was slightly higher than pH 10.15. By considering the point that the phenol removal was caused by both the direct reaction with ozone and indirect reaction with hydroxyl radicals. Furthermore, hydroxyl radicals generated by two pathways: rstly, hydroxide ions in liquid initiated the chain reaction of ozone decomposition; the second was the surface acid-base property determined the catalytic activity, which has positive correlation with the ability to transform ozone molecule to hydroxyl radicals. This observation would be that the higher concentration of OH À in bulk solution at pH 11.23 favorable for ozone decomposition and more hydroxyl radicals were generated in this condition, resulting in higher removal of organic matter. The overall nding is that ozonation with prepared magnesium oxide could oxidize organic matter efficiently in both acid, neutral and alkaline environment, and the prepared powder showed the best catalytic activity when pH ¼ pH pzc .
Effect of TBA
The evidence presented above suggests that ozonation of phenol in the presence of magnesium oxide may dominated by hydroxyl radicals. To investigate whether hydroxyl radicals play a dominant role on ozonation process with magnesium oxide, TBA (tert-butanol), reaction rate constants of 6 Â 10 8 M À1 s
À1
with hydroxyl radicals and 3 Â 10 À3 M À1 s À1 with ozone, was selected as a radical probe due to the fact that the majority of hydroxyl radicals could be hindered by TBA. 45, 46 The effect of TBA on the catalytic ozonation and single ozonation was investigated and the results were presented in Fig. 9 . It is observed that the phenol removal followed the sequences as: O 3 /MgO > O 3 /MgO + 12 mL TBA > O 3 > O 3 /MgO + 20 mL TBA z O 3 /MgO + 40 mL TBA. The acceleration of phenol removal in the presence of magnesium oxide was in agreement with the observation shown in preliminary screening experiments and TBA indeed reduce the rate of phenol removal as expected which indicates the degradation of phenol in the O 3 /MgO system might involves hydroxyl radicals. A similiar observation reported by Kermani M et al. that both ozone molecules and radicals participated in the degradation of metronidazole by ozonation with magnesium oxide, 47 and the formation of hydroxyl radicals resulted from the decomposition of ozone which taking place on the catalyst surface. Fig. 9 shows that the phenol removal rate were suppressed by the radical scavenger TBA in catalytic ozonation system, which further veried magnesium oxide catalyses a radical mechanism. It is clear that the removal rate of phenol in the presence of 12 mL TBA is less than O 3 /MgO system. However, all above the curves of individual ozonation was apparently less than that with 20 mL TBA, revealing that the unreacted hydroxyl radicals existed in the solution with 12 mL TBA with a conrmation that the consumption of phenol in O 3 /MgO system with 12 mL TBA may be due to the direct and indirect ozonation. Combining with the discussion above, the formation of hydroxyl radicals occurring through reaction between ozone and hydroxyl groups present on the surface of magnesium oxide, suggesting a fraction of ozone attacked phenol directly in bulk solution and the other fraction reacted with surface hydroxyl groups producing hydroxyl radicals which oxidated phenol soon. The concentration of phenol in the presence of 20, 40 mL TBA was reduced to the same extent, which might suggest the radicals in solution has been exhausted. This indicates the degradation of phenol with 20 and 40 mL TBA may be caused by the direct ozonation of ozone. The conclusion drawn from this experiments demonstrated that catalytic ozonation in the presence of magnesium oxide proceed with ozone molecule direct oxidation as well as hydroxyl radicals, and free radical mechanism may play a main role in this process.
Effect of pCBA
From the discussion above, it could be concluded that both ozone molecules and hydroxyl radicals contributes to the degradation of phenol in the presence/absence of magnesium oxide and the heterogeneous catalytic ozonation process might be dominant by indirect way. para-Chlorobenzoic acid, which has a high reactivity with hydroxyl radicals and low reactivity with ozone molecule (
) was introduced into the ozonation systems either with or without magnesium oxide to quantitative analysis the amount of hydroxyl radicals in solution indirectly.
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The R ct , which was proposed by Elovitz and von Gunten could be expressed as follows:
Eqn (5) and (6) indicate the ratio of cOH radicals and ozone molecules exposed in solution and the transformation efficiency of ozone into cOH radicals, respectively.
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These experiments show that the decay of ozone molecules occurs mainly within two minutes and the decomposition rate decreased later could be owing to the reaction with pCBA and/or transformation of radicals. For the speculation that magnesium oxide was able to decompose ozone into hydroxyl radicals, the rate of ozone decomposition in two systems have also followed a same trend suggesting the hydroxyl radicals existed in solution without magnesium oxide.
The results presented in Fig. 10 shows that decrease of pCBA concentration in ozone alone system was not signicantly while a noticeable decrease was registered with magnesium oxide in the experimental system. This phenomenon could be explained through two aspects compared with Fig. 10(a) as follows:
Firstly, the decomposition of ozone occured independent of magnesium oxide which indicates radical reactions initiating, and the degradation of pCBA in ozone alone system follows hydroxyl radical pathway which proceeded in the bulk solution, and second, ozone adsorbed on the surface of magnesium oxide leading to the production of hydroxyl radicals which oxidize organic compound more efficient than ozone. Therefore, hydroxyl radicals abound in O 3 /MgO system were responsible for the consumption of pCBA indicating the ozonation of pCBA Fig. 9 Effect of TBA on phenol degradation. in this condition in the presence of magnesium oxide followed radicals mechanism. The R ct values were determined by eqn (6), as presented in Table 2 . The R ct value signicantly increased with the adding of magnesium oxide which clearly revealed that both the transformation efficiency of ozone into hydroxyl radicals and the ratio of hydroxyl radicals and ozone molecules existed in bulk solution were approximately 3.8 times that without magnesium oxide. This result conrms that magnesium oxide could enhance the production of hydroxyl radicals, which was caused by the decomposition of ozone on the catalyst's surface and the degradation of organic compound in this system followed indirect reaction pathway with hydroxyl radicals.
Activation energy
The Arrhenius equation has been applied to chemical reaction and processes dependent of temperature. The E a (activation energy (J mol À1 )) of ozonation in the presence/absence of magnesium oxide could be determined by Arrhenius equation:
which could be transformed as:
R is the universal gas constant (8.314 J mol À1 K À1 ) and k(T) is the reaction rate at temperature T in K. Thus, a batch of experiments were conducted to provide k(T). Fig. 11 shows the expected results that high temperature could be contributed to the decomposition of ozone both in bulk solution and the surface of magnesium oxide, leading to the formation of hydroxyl radicals that should be responsible to the increase of degradation efficiency. Comparison of Fig. 11(a) and (b), clearly conrms that magnesium oxide do have a strong ability to catalyze ozone reaction for degradation of phenol which may take place on the surface of magnesium oxide. The reaction rate constant were calculated as presented in Table 3 according to the equation:
A plot of ln k(T) versus 1/T (T in K) should be a straight line and the slope could be used to determine the activation energy of two processes in terms of temperature (Fig. 12) and the E a of the single ozonation and catalytic ozonation were calculated as 18.279 kJ mol
À1
, 21.988 kJ mol
, respectively. The subtraction of activation energy was 3.709 kJ mol
, indicating there's no signicant difference in two systems which implies the presence of magnesium oxide could not reduce the activation energy of ozonation process. In contrast to our results, it has been reported by Ikhlaq A. et al. that the ozonation of organic molecule in the presence of zeolite with the reduction of activation energy.
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Consequently, the high efficiency of this heterogeneous catalytic ozonation with magnesium oxide should be owing to the formation of hydroxyl radical resulted from the decomposition of ozone on the surface of magnesium oxide and further reaction between phenol and hydroxyl radicals might take place in the bulk solution.
Catalytic stability of the catalyst
Catalytic stability is a critical factor which directly related to the industrial application. It is therefore necessary to investigate Fig. 11 Effect of temperature on phenol degradation by (a) ozonation alone; (b) catalytic ozonation. 
